Introduction {#S0001}
============

T cell-based immunotherapy is a promising therapeutic option for cancer. CAR-T therapy, using a chimeric-antigen receptor, allows redirecting of T cells toward tumor cell-surface antigens. However, many tumor-specific antigens are intracellular, and so are not targetable using a CAR-T approach. This can be overcome by utilizing T cell receptors (TCRs), which recognize peptide-major histocompatibility complexes (MHC) derived from intracellular proteins. However, an obstacle to the success of TCR-therapy is the low affinity of natural T-cell receptors for most tumor antigens.^[1](#CIT0001)--[3](#CIT0003)^ T cells bearing TCRs that strongly recognize self-antigens are negatively selected during thymic maturation. As many tumor antigens originate from self-proteins, mature circulating T cells are unable to recognize these antigens with high affinity. There are also low levels of peptide-major histocompatibility complex (MHC) complexes on the surface of some tumor cells.^[4](#CIT0004),[5](#CIT0005)^

Genetic engineering of complementary-determining regions to create TCRs with enhanced affinity for specific peptide-MHC complexes could overcome these obstacles.^[6](#CIT0006)--[11](#CIT0011)^ T cells bearing affinity-enhanced TCRs have demonstrated improved tumor cell recognition and killing *in vitro* compared to native TCRs.^[9](#CIT0009),[12](#CIT0012)--[14](#CIT0014)^ Furthermore, T cells with affinity-enhanced tumor-specific TCRs have shown clinical efficacy.^[15](#CIT0015)--[19](#CIT0019)^

The T cell specificity for its tumor antigen target suggests there is the potential to avoid general immune-mediated toxicities; however, treatment-induced toxicities have been observed in some adoptive T cell clinical studies.^[15](#CIT0015),[20](#CIT0020)--[23](#CIT0023)^ Suggested mechanisms for these include T cell cross-reactivity that is either on-target, where the antigen is not wholly tumor-restricted, or off-target, where the TCR recognizes a mimetic epitope from a separate protein, either on the same HLA as the target or a separate HLA allele ('alloreactivity'). These toxicities highlight the need for biologically relevant testing, including target expression validation and specificity testing, to minimize clinical toxicity.

Species-level proteomic differences limit the relevance of *in vivo* toxicological models to assess the risk of on-target and off-target TCR toxicity. We developed an extensive *in vitro* preclinical testing strategy to evaluate the safety and efficacy of our specific peptide enhanced affinity receptor (SPEAR) T cells, involving human cell testing and molecular analysis. Herein, we apply this strategy to a TCR therapy using ADP-A2M4, which comprises autologous T cells transduced with an affinity-enhanced TCR that recognizes the HLA-A2-restricted MAGE-A4~230-239~ peptide GVYDGREHTV. MAGE-A4 is a member of an extensive family of cancer/testis antigens;[^24^](#CIT0024) its expression is restricted to immune-privileged sites^[25](#CIT0025)-[27](#CIT0027)^ as well as cancers.^[28](#CIT0028)--[31](#CIT0031)^ In non-small cell lung cancer (NSCLC), melanoma, bladder, head and neck, and gastroesophageal cancers, MAGE-A4 is highly expressed in up to 50% of cases,[^32^](#CIT0032) and thus MAGE-A4 is an attractive target for TCR therapy.

Results {#S0002}
=======

*ADP-A2M4 displays potency* in vitro {#S0002-S2001}
------------------------------------

ADP-A2M4 were assessed on their potency against antigen-positive tumor cell lines and primary tumor material in a series of *in vitro* assays measuring IFNγ release, proliferation, and cytotoxicity. IFNγ release by ADP-A2M4 in response to MAGE-A4^+^ tumor cell lines and MAGE-A4^+^ primary melanoma material was measured by cell-ELISA and ELISpot, respectively. Antigen expression was determined by qPCR. ADP-A2M4 produced strong IFNγ responses to MAGE-A4^+^ cell lines ([Figure 1a](#F0001)) and MAGE-A4^+^ primary melanoma material ([Figure 1b](#F0001)). ADP-A2M4 CD4^+^ and CD8^+^ T-cell subsets proliferated in response to the natively MAGE-A4^+^ A375 cell line and to antigen-negative cell lines (Colo205 and T2) in the presence of MAGE-A4~230-239~ peptide (**Figure S1**). Finally, ADP-A2M4 effectively killed HLA-A\*02 and MAGE-A4-expressing cancer cell lines, in standard adherent cell culture ([Figure 1c](#F0001)) and 3D microtissues ([Figure 1d](#F0001), **Video S1**).10.1080/2162402X.2019.1682381-F0001Figure 1.In vitro efficacy of ADP-A2M4 against MAGE-A4^+^ and HLA-A\*02:01 tumor cells. (a) ADP-A2M4 release IFNγ in response to MAGE-A4^+^ tumor cell lines. Upper panel: IFNγ release from ADP-A2M4 (red points) and non-transduced T cells (gray points), as determined by cell-ELISA. Unfilled points show response to MAGE-A4~231-240~ peptide (10^--5^ M) to demonstrate maximal response. Each point reflects the average response of a single T-cell product in multiple independent experiments (three T cell products tested). Lower panel: MAGE-A4 expression in matched tumor line samples, as determined by qPCR (normalized to expression of reference genes RPL32, HPRT1). (b) ADP-A2M4, but not non-transduced T cells, release IFNγ in response to ex vivo-processed primary melanoma material, as determined by ELISpot. (c) ADP-A2M4 display cytotoxic activity toward two MAGE-A4-expressing tumor lines, as determined by IncuCyte time-lapse microscopy with a caspase-3/7 fluorogenic dye. Each line shows the number of apoptotic target cells within a single well when cultured with ADP-A2M4 (red lines) or non-transduced T cells (gray lines), or in the absence of T cells (black lines). Dashed lines show response to MAGE-A4~231-240~ peptide (10^--5^ M) to demonstrate maximal response. Data shown are of one T-cell product, representative of three tested. (d) ADP-A2M4 display cytotoxic activity toward the GFP^+^MAGE-A4^+^ tumor line A375 cultured in 3D microtissues, as determined by IncuCyte time-lapse microscopy. Each line shows the area of the microtissue within a single well when cultured with ADP-A2M4 (red lines) or non-transduced T cells (gray lines). Data shown are of one T-cell product, representative of three tested. Dashed vertical line indicates T-cell addition.

*ADP-A2M4 produces dose-dependent* in vivo *tumor clearance* {#S0002-S2002}
------------------------------------------------------------

ADP-A2M4 was administered as a single intravenous (i.v.) injection to athymic mice bearing either subcutaneous (s.c.) or i.v. xenografted tumors derived from a human melanoma cell line. Dose-dependent anti-tumor effects were observed against both single, large s.c. tumors and the small diffuse tumors observed following i.v. administration. For both studies, pronounced regression and 100% survival were observed with the highest dose examined (3 × 10^6^ transduced cells) ([Figure 2](#F0002)). A delayed onset of response in the s.c. study relative to the i.v. arm was observed and was most pronounced with the 1 × 10^6^ transduced T-cell dose ([^Figure\ 2.^](#F0002)[Figure 2a,b](#F0002)), likely reflecting the increased time needed to infiltrate and reduce larger tumors. ADP-A2M4 was well tolerated, with a transient decrease in body weight associated with administration of the highest dose in the i.v. study (**Figure S2A**). This was not observed with s.c. tumors (**Figure S2B**) and is likely due to the inflammation associated with T-cell activation in the presence of tumor cells, which accumulated in the lung for several days post-injection.10.1080/2162402X.2019.1682381-F0002Figure 2.ADP-A2M4 dose-dependently inhibit the growth of MAGE-A4^+^ A375 tumors, leading to regression and increased survival in i.v. (a, c, e) or s.c. (b, d, f) xenograft models. A, B: Mean (± SEM) and C, D: individual tumor growth curves, and; e, f: Kaplan Meier survival curves following a single dose of ADP-A2M4 administered on D 0 (n = 7--8 per group, untreated group: n = 5). Black lines: no treatment; red lines: 3 × 10^6^ non-transduced T cells; blue, green, and violet lines: 3 × 10^5^, 1 × 10^6^, and 3 × 10^6^ ADP-A2M4.

*ADP-A2M4 demonstrates limited cross-reactivity toward antigen-negative cells* in vitro {#S0002-S2003}
---------------------------------------------------------------------------------------

ADP-A2M4 were assessed for off-target cross-reactivity by measuring T-cell activation by IFNγ cell-ELISA after incubation with HLA-A\*02:01^+^ MAGE-A4^−^ primary normal cells and tumor-derived cell lines covering multiple cell types (**Table S2**). Nearly all MAGE-A4^−^ cell types tested did not induce T-cell activation. However, ADP-A2M4 was found to respond to 4/7 melanocyte lots (**Figure S3A**) and an antigen-negative melanoma cell line (data not shown). A response was also seen toward a single small airway epithelial cell line, but only after the cells had been maintained in culture for at least eight passages (**Figure S3B**). In further screening experiments, ADP-A2M4 showed no reactivity toward a second batch of the same lot of cells or other small airway epithelial cells cultured under standard 2D conditions or organotypic conditions (**Figure S3C**). In all cases, the response of ADP-A2M4 toward target cells in the presence of 10^--5^ M MAGE-A4~230-239~ was used to confirm sufficient HLA-A\*02:01 expression (data not shown).

ADP-A2M4 off-target cross-reactivity was also assessed by cytotoxic activity and IFNγ and GzB release against terminally differentiated human cells derived from induced pluripotent stem cells (iPSC). No cross-reactive responses were observed for ADP-A2M4 T cells to any of the iPSC-derived cell subtypes tested (cardiomyocytes, astrocytes, endothelial cells; data not shown).

ADP-A2M4 displays alloreactivity toward HLA-A\*02:05 {#S0002-S2004}
----------------------------------------------------

ADP-A2M4 were screened against a panel of EBV-transformed B-lymphoblastic cell lines (B-LCLs) expressing a wide range of HLA alleles (**Table S3**), and T-cell activation was determined by IFNγ cell-ELISA. Several B-LCLs induced a potent response in both ADP-A2M4 and non-transduced T cells, presumably due to endogenous EBV-reactivities, which unfortunately limits the ability to infer safety from these specific lines; ADP-A2M4 but not non-transduced T cells also responded to two lines that expressed HLA-A\*02:05 ([Figure 3a](#F0003)). Two of three HLA-A\*02:05-expressing primary cell lines tested induced a response from ADP-A2M4 ([Figure 3b](#F0003)).10.1080/2162402X.2019.1682381-F0003Figure 3.ADP-A2M4 display alloreactivity toward HLA-A\*02:05. (a) ADP-A2M4 respond to two HLA-A\*02:05 EBV-derived B-LCLs (FH25, FH41; blue points) but not other cell lines. (b) ADP-A2M4 react to 2/3 HLA-A\*02:05-expressing human primary cells. (c) ADP-A2M4 respond to human primary Schwann cells transduced to express HLA-A\*02:05 but not other HLA-A2 alleles. Points in all panels show IFNγ release from ADP-A2M4 (red or blue points) and non-transduced cells (gray points), as determined by cell-ELISA. Each point reflects the average response of a single T-cell product in multiple independent experiments (three T cell products tested).

To explore this potential alloreactivity, a panel of common HLA-A2 alleles was lentivirally transduced into a MAGE-A4^−^HLA-A2^−^ primary Schwann cell line HSC6, and their ability to induce an ADP-A2M4 response was assessed by IFNγ cell-ELISA. The introduction of HLA-A\*02:05, but not other HLA-A2 alleles, led to strong ADP-A2M4 responses ([Figure 3c](#F0003)), demonstrating ADP-A2M4 alloreactivity. Patients expressing HLA-A\*02:05 should therefore not be treated with this TCR.

ADP-A2M4 demonstrates cross-reactivity to MAGE-A8 and MAGE-B2 {#S0002-S2005}
-------------------------------------------------------------

To determine if the affinity-enhanced TCR recognized other peptides within the MAGE family, peptides from all members of the MAGE protein family with homology to the index peptide were identified through protein sequence alignment (n = 30) and then screened for their ability to stimulate ADP-A2M4 by IFNγ cell-ELISA. Of the homologous peptides tested, 20 triggered a response (\>50% of the response to index peptide) by ADP-A2M4 (data not shown). Peptides that produced T-cell responses were investigated by titration from 10^−5^M--10^−11^M in an additional IFNγ cell-ELISA. This assay identified four stimulatory peptides, derived from MAGE-A8 (GLYDGREHSV), MAGE-B2 (GVYDGEEHSV), MAGE-B4 (GIYDGKRHLI), and MAGE-B6 (GIYDGILHSI), that warranted further investigation ([Figure 4a](#F0004)).10.1080/2162402X.2019.1682381-F0004Figure 4.ADP-A2M4 do not display relevant off-target peptide cross-reactivities. (a) ADP-A2M4 respond to MAGE-A8 and MAGE-B2 peptides and less strongly to MAGE-B4 and MAGE-B6 peptides. Data show the shift in logEC50 (ΔlogEC50) from index peptide when ADP-A2M4 were challenged with the peptides of interest. Each point shows the ΔlogEC50 for a single T-cell product (three T cell products tested); black bar indicates geometric mean. Y-axis truncated at 6 to exclude peptides with very weak responses where quantification of response is not reliable. Dashed line: logΔEC50 = 2. (b) ADP-A2M4 respond to Nalm6 cells transduced to express MAGE-A4, MAGE-A8, and MAGE-B2, but not other MAGE proteins. Points show IFNγ release from ADP-A2M4 (red points) and non-transduced cells (gray points), as determined by cell-ELISA. Each point reflects the average response of a single T-cell product in multiple independent experiments (three T cell products tested). (c) X-scan data show that the ADP-A2M4 TCR displays highly asymmetric specificity, with specific reactivity toward the N-terminal half of the index peptide, and promiscuous recognition of peptides containing substitutions within the C-terminal half of the peptide. Data show the response of three T-cell products toward indicated substitutions as fraction of response to MAGE-A4~231-240~. Substitutions divided by physicochemical properties: Sma: small; Pol: polar; Aci: acidic; Aro: aromatic; Bas: basic; Ali: aliphatic. (d) ADP-A2M4 respond to FMO3, MOT10, and TLR7-derived peptides. Data show ΔlogEC50 from index peptide when ADP-A2M4 were challenged with the peptides of interest. Each point shows the logΔEC50 for a single T-cell product (three T cell products tested); black bar indicates geometric mean. Y-axis truncated at 6 to exclude peptides with very weak responses where quantification of peptide response is not reliable. Dashed line: logΔEC50 = 2. (e) ADP-A2M4 do not respond to DLD-1 or SW480 cells transfected to express FMO3, MOT10, or TLR7 proteins. Points show IFNγ release from ADP-A2M4 (red points) and non-transduced cells (gray points), as determined by cell-ELISA. Each point reflects the average response of a single T-cell product in multiple independent experiments (three T cell products tested).

To confirm the reactivity of ADP-A2M4 to these proteins, NALM6 cells (HLA-A\*02:01^+^MAGE^−^) were transduced to overexpress MAGE-A4, MAGE-A8, MAGE-B2, MAGE-B4, or MAGE-B6, or one of a selection of MAGE family members with identified EC~50~ values significantly removed from that of index (MAGE-A1, MAGE-A3, MAGE-A6, MAGE-A9, MAGE-A10, MAGE-B1, and MAGE-B3) as negative controls. ADP-A2M4 produced IFNγ against the NALM6 cells expressing MAGE-A4, confirming processing of the parent protein and presentation of the target peptide, reduced IFNγ responses against MAGE-A8 -- and MAGE-B2-expressing NALM6 cells, and a very weak response toward MAGE-B6 ([Figure 4b](#F0004)). No responses were observed to NALM6 cells expressing other MAGE family members. These data indicate that peptides inducing T-cell responses \>2-log weaker than that of the index peptide do not represent a concern for cross-reactivity. Assessment of ADP-A2M4 responses to natively MAGE-B2- and MAGE-A8-expressing tumor lines found some T-cell responses, albeit weaker than those toward MAGE-A4^+^ tumor lines (**Figure S4**). A thorough evaluation of the expression profile of these two proteins by qPCR of an in-house normal tissue biobank and querying publicly available RNAseq datasets identified no concerns regarding off-tumor expression, as non-tumor expression is restricted to testes and placenta (data not shown). ADP-A2M4 has been shown to respond to two additional MAGE family member antigens, although the response is too weak to justify clinical use.

Characterization of peptides recognized by ADP-A2M4 revealed no functionally relevant cross-reactivity {#S0002-S2006}
------------------------------------------------------------------------------------------------------

To molecularly characterize the specificity of the ADP-A2M4 TCR in detail, thereby identifying the potential repertoire of peptides recognized, we determined the reactivity of the transduced T cells toward 190 modified peptides. In the X-scan,[^7^](#CIT0007) each residue of the target peptide was sequentially mutated to all 19 other naturally occurring amino acids. T2 cells were incubated with each of the substituted peptides at a concentration corresponding to the EC~90~ of response to the index peptide. These cells were then used as targets for ADP-A2M4 in an IFNγ ELISpot.

The TCR specificity for ADP-A2M4 was found to center on the N-terminal positions 1--5 (p1 -- p5), where highly restricted recognition was observed ([Figure 4c](#F0004)). p6 was more tolerant of amino acid substitution, with 17 amino acids tolerated. Recognition of amino acid substitutions at p7, p8, and p9 was shown to be fully degenerate with all peptides recognized. Less degeneracy was observed at the anchor p10, where eight residues were tolerated.

A pattern-based motif encompassing all potentially tolerated peptides was derived. This motif was used for *in silico* searches of the human proteome for decamers with the potential for ADP-A2M4 TCR recognition. These searches identified 158 human proteins containing 84 unique decameric sequences contained within the motif, including MAGE-A4, MAGE-A8, and MAGE-B2 (**Table S4**). The ability of identified peptides to bind to HLA-A\*02:01 was predicted using the SMM algorithm,[^33^](#CIT0033) and a very permissive threshold for HLA-A\*02:01 binding was applied to exclude only the least likely HLA binders. All identified HLA-A\*02:01-binding peptides were synthesized and their ability to stimulate ADP-A2M4 determined by IFNγ cell-ELISA. Of these, only three non-MAGE peptides generated a response with a potency at or near the 2-log threshold for concern identified earlier: FMO3, MOT10, and TLR7 ([Figure 4d](#F0004)). Overexpression of these genes in two tumor cell lines revealed that none was recognized by ADP-A2M4, indicating that these peptide sequences were not naturally processed and presented from the source proteins ([Figure 4e](#F0004)).

Discussion {#S0003}
==========

Although affinity-enhanced T-cell therapy is a promising therapeutic option, treatment-induced toxicities have been observed.^[15](#CIT0015),[20](#CIT0020)--[23](#CIT0023)^ Suggested mechanisms for these toxicities include TCR reactivity against healthy tissues that is either on-target or off-target.[^34^](#CIT0034) The peptide-specific nature of these responses makes *in vivo* toxicology studies unsuitable since the differences between human and murine proteomes preclude reliable detection of off-target cross-reactivity. Consequently, a robust, biologically relevant preclinical testing strategy for selecting target antigens and TCRs for clinical development is required.^[34](#CIT0034),[35](#CIT0035)^ We developed an extensive *in vitro* preclinical testing protocol to evaluate the safety and efficacy of SPEAR T-cell therapies ([Figure 5](#F0005)). These approaches were developed and expanded from techniques that retrospectively predicted clinical off-target toxicity induced by an affinity-enhanced MAGE-A3 TCR.[^20^](#CIT0020)10.1080/2162402X.2019.1682381-F0005Figure 5.Preclinical screening process for affinity-enhanced TCRs.

Efficacy of ADP-A2M4 was assessed using both *in vitro* and *in vivo* approaches. *In vitro* T-cell functional responses, including cytokine release, cytotoxicity, and proliferation, were observed against a panel of MAGE-A4^+^ target cell lines, including lines cultured as microtissues in a 3D system that reflects *in vivo* conditions.[^36^](#CIT0036) We observed strong responses against a freshly isolated MAGE-A4^+^ melanoma sample, demonstrating efficacy against clinical tumor material. Furthermore, ADP-A2M4 were able to inhibit and eliminate human tumor cells in a dose-dependent manner in an *in vivo* xenograft setting.

The likelihood of on-target, off-tumor reactivity can be reduced by stringent assessment of the pattern of target expression. MAGE-A4 is an attractive target for T-cell therapy in this respect, because its non-tumor expression is restricted to immune-privileged sites.^[25](#CIT0025)--[27](#CIT0027)^

Off-target cross-reactivity is challenging to predict and test preclinically. A level of degeneracy in TCR antigen recognition is established via thymic positive selection during T-cell development, which ensures that circulating T cells can respond to highly diverse pathogenic peptide epitopes.^[37](#CIT0037)--[39](#CIT0039)^ However, this plasticity means that an apparently tumor-specific TCR might unexpectedly bind off-target to non-cancer-restricted epitopes, leading to clinical toxicity. This risk increases when TCRs are affinity enhanced *in vitro*, without the safety mechanism of negative thymic selection.[^10^](#CIT0010) We screened for potential off-target cross-reactivity using primary cells and cell lines covering multiple cell types from a range of human organ systems, including cells derived from iPSCs, which are more representative of human tissues than standard cell cultures.[^20^](#CIT0020) Very few off-target reactivities were observed for ADP-A2M4 against a panel of human primary cells; some responses were observed toward melanocytes and an antigen-negative melanoma cell line. These did not express any MAGE proteins to which the TCR is known to respond, and so the precise target remains unknown. While these necessitate clinical monitoring, they are not believed to represent a clinical risk. In addition, ADP-A2M4 showed low-level cross-reactivity against an antigen-negative small airway epithelial cell line. This cross-reactivity was observed in a single batch of cells, at passages 8 and 9, and thus appears to be an artifact of extended cell culture. Further screening experiments demonstrated no cross-reactivity with small airway epithelial cells either under submerged cell culture conditions or in organoid models.

Alloreactivity can occur when TCRs specific for a peptide-MHC complex display cross-reactivity toward different HLA alleles, with or without significant peptide selectivity. This is commonly observed in the mismatched allogeneic transplant setting but is a potential safety risk for adoptive TCR therapy. ADP-A2M4 displayed alloreactivity toward several HLA-A\*02:05-expressing cell types. The lack of cell-type specificity observed suggests that the reactivity either is not peptide-specific or is directed toward a peptide from a ubiquitously expressed protein. Therefore, patients expressing HLA-A\*02:05 are excluded from clinical studies with ADP-A2M4.

The MAGE family of proteins displays high homology, and cross-MAGE reactivity was implicated in neurological adverse events in a MAGE-A3 TCR clinical trial.[^22^](#CIT0022) Therefore, we assessed if ADP-A2M4 recognizes homologous peptides from other MAGE proteins. We identified two peptides from MAGE-A8 and MAGE-B2 proteins that elicited moderate responses. While MAGE-A8 does appear to have low-level expression in the brain (GTEx portal), the reactivity is considerably weaker than MAGE-A4, and as MAGE-B2 expression is restricted to the testis and placenta, these cross-reactivities do not raise concerns regarding off-target reactions in clinical studies.

We characterized the potential repertoire of all peptides recognized by the affinity-enhanced TCR using the X-scan assay.^[7](#CIT0007),[14](#CIT0014)^ A degenerate motif of all tolerated peptides was used in a directed *in silico* search of the human proteome for peptides with the potential to be recognized. Although three peptides with the ability to stimulate ADP-A2M4 were identified (MOT10, FMO3, TLR7), these peptides were not processed and presented, even after overexpression of the source proteins. The binding motif was unusually asymmetric, with greatly increased specificity at the N-terminal half of the peptide, suggesting a somewhat atypical binding orientation of the TCR. This asymmetric binding motif is also present in the parental TCR (data not shown), indicating that this was not an artifact of the affinity enhancement process.

The mispairing of introduced α and β TCR chains with endogenous TCRs has been proposed as a potential safety concern for adoptive TCR-based T cell therapy.^[40](#CIT0040),[41](#CIT0041)^ As yet, however, no clinical adverse events have been demonstrated to be related to mispairing. As quantifying the risk of this preclinically remains intractable, this mispairing was not evaluated in this study.

These studies cannot completely eliminate the risk of adverse events due to off-target reactivity in the clinic. In particular, several novel approaches to evaluating TCR specificity have been recently published, which allow the identification of mimotope peptides with minimal sequence similarity to the known index peptide,^[42](#CIT0042),[43](#CIT0043)^ in contrast to the X-scan which is limited to relatively conservative substitutions. In addition, the primary cell screen is performed without regard to the gene expression profile of the cell types and would benefit from a more systematic approach to selecting cells, with the aim of maximizing genomic coverage amongst the panel of cells tested. These cells could additionally be treated with IFNγ to induce the immunoproteosome and replicate the immunopeptidome exposed during inflammatory events.

In conclusion, we have identified efficacy and no major safety concerns for ADP-A2M4 in these preclinical studies, and this TCR is now being tested in the clinic for treatment of multiple cancers (NCT03132922). Furthermore, this preclinical testing strategy is being employed to evaluate additional enhanced affinity TCR candidates, aiming to expand options for adoptive T-cell therapy against cancer.

Materials and methods {#S0004}
=====================

Primary cells and cell lines {#S0004-S2001}
----------------------------

Tumor cells, suppliers and maintenance media used are listed in **Table S1**. For certain assays, cell lines transduced or transfected with an antigen/HLA molecule/fluorescent or luminescent tag were used as target cells.

Primary human cells (**Table S2)** were cultured, per the suppliers' instructions. All cells were kept in culture until the day of the assays, when they were counted and washed in RPMI supplemented with penicillin/streptomycin, L-glutamine, and 10% FBS (R10) prior to plating for assays.

B-LCLs (**Table S3**) were used as targets for alloreactivity screening. These were cultured in R10.

Induced pluripotent stem cells (iCells®, Cellular Dynamics International Inc.) were cultured per manufacturer's instructions. Cardiomyocytes, astrocytes, and endothelial cells (from the same HLA-A2^+^ donor) were used to test the reactivity of affinity-enhanced T cells.

All cell lines were screened for mycoplasma contamination (Mycoplasma Experience), and authenticity and purity confirmed by STR analysis (LGC).

Primary tumor material {#S0004-S2002}
----------------------

Primary melanoma tumor material was processed to a single cell suspension from cryopreserved tissue using the gentleMACS Octo Dissociator (Miltenyi). Material was divided in two: one sample was enzymatically digested using a tumor dissociation kit (Miltenyi), per manufacturer's instructions, and the other was processed without enzyme addition. Primary tumor cells were cultured in Melanocyte Growth Medium-4 (Lonza) prior to use.

ADP-A2M4 TCR and T-cell transduction {#S0004-S2003}
------------------------------------

The MAGE-A4-specific ADP-A2M4 TCR was generated by affinity enhancing a TCR isolated from a healthy donor, as previously described.^[7](#CIT0007),[12](#CIT0012),[14](#CIT0014)^ To prepare ADP-A2M4, T cells were isolated from peripheral blood mononuclear cells from healthy human donors by CD3/CD28 bead pulldown and incubated overnight with CD3/CD28 antibody-coated beads in the presence of 100units/ml rhIL-2. Activated T cells were lentivirally transduced to express the affinity-enhanced TCR, as previously described,[^7^](#CIT0007) and expanded for up to 13 d in large-scale cultures on a Xuri W25 bioreactor (GE Healthcare) to mimic preparations for clinical use. T cell purity, CD4/CD8 ratio, and transduction efficiency were determined by flow cytometry (**Table S5**). Non-transduced T cells were activated and expanded from the same donors for use as negative controls.

IFNγ ELISpot {#S0004-S2004}
------------

Assays were undertaken with an IFNγ ELISpot kit (BD Pharmingen) per manufacturer's instructions. T cells were defrosted, rested for 2 h, washed, and plated at 2--5 × 10^4^/well. Plates were incubated overnight (37°C/5% CO~2~), developed per manufacturer's instructions, and evaluated on a CTL Immunospot Series 4 ELISpot Analyzer (CTL Ltd.). Non-transduced T cells were used as negative controls. Assays were repeated in triplicate, except when there was insufficient primary tumor material.

Cytotoxicity {#S0004-S2005}
------------

Cytotoxicity was measured using an IncuCyte ZOOM (Essen Bioscience). iCell Cardiomyocytes and Astrocytes were plated in 96-well plates at recommended densities. iCell Endothelial cells were plated at slightly higher densities to improve monolayer formation (7.5 × 10^3^/well). All iCell subtypes were plated several days prior to the assay to allow for adherence and differentiation. Other cell lines were seeded the day prior to assay, at varying densities (1.5--3 × 10^4^/well). On the day of the assay, iCells or primary cells were washed three times in PBS to remove the culture medium. Assay medium was added containing IncuCyte™ Kinetic Caspase-3/7 Apoptosis Assay Reagent (Essen Biosciences; 5μM). All assay plates were imaged to confirm the monolayer had not been disrupted by washing. T cells were defrosted, rested, and added at 6 × 10^4^ T cells/well. MAGE-A4~230-239~ peptide was added to certain wells as a positive control (10^−5^M). Wells were imaged every 2, 3, or 4 h.

ELISAs {#S0004-S2006}
------

Supernatants were collected and analyzed for IFNγ and granzyme B (GzB) using the Human IFNγ DuoSet ELISA and the Human Granzyme B DuoSet ELISA (both R&D Systems), respectively, with the use of a luminescent HRP substrate (Glo Substrate, R&D Systems). Luminescence was measured using the FLUOstar Omega plate reader (BMG Labtech).

IFNγ cell-ELISA {#S0004-S2007}
---------------

Cell-based ELISAs were carried out as previously published.[^44^](#CIT0044) Target cells, effector T cells (10^4^/well) and/or peptide, or IFNγ standards, were plated in 384-well plates after overnight plate coating with IFNγ capture antibody. After 48 h, the plates were washed and developed for IFNγ cell-ELISA, per manufacturer's instructions (R&D DuoSet Human IFNγ ELISA kit), with the use of a luminescent HRP substrate (Glo Substrate, R&D Systems). Luminescence was measured using a FLUOstar Omega plate reader.

Proliferation {#S0004-S2008}
-------------

T-cell proliferation in response to antigen was determined by flow cytometry. T cells were defrosted and rested for 26 h at 2 × 10^6^/mL in RPMI without tryptophan prior to loading with the proliferation dye VPD450. VPD450-stained T cells were incubated alone or with irradiated T2s, Colo205, or A375 target cells (\~96, \~96, \~48 Gy, respectively; E:T ratio: 5:1), in the presence or absence of MAGE-A4~230-239~ peptide (10^−5^M). After 3 d co-culture, cells were harvested and stained with antibodies for Vα24 (specific for ADP-A2M4 TCR), CD3, CD4, CD8, and 7AAD viability dye for analysis on a Fortessa flow cytometer (BD Bioscience). Cells that have undergone division in each condition are expressed as percentage of cells with reduced VPD450 (% VPD-low).

X-scan {#S0004-S2009}
------

A panel of synthetic peptides containing all possible single-amino-acid substitutions at all positions in the index MAGE-A4~230-239~ peptide was designed. This comprised 19 peptides for each position in the index peptide; 191 total peptides including index peptide were synthesized (Peptide Protein Research Limited; \>90% pure). The response of TCR-transduced T cells toward T2 cells in the presence of each peptide and to the index peptide was determined by IFNγ ELISpot. Effectors were used between 2 and 2.5 × 10^4^ cells/well, and peptides were added at a concentration equal to the EC~90~ of the index peptide (10^--9.5^M). Substitutions were defined as tolerated by the TCR where the response was \>10% of the response to the index peptide. Substitutions for which at least one TCR product in one assay gave \>10% response but the overall average was \<10% were deemed marginal and were reassessed using a peptide titration and the response at the index EC~90~ concentration was determined by interpolation. The substitution was included in the motif if the interpolated response was \>10% of the index response.

Bioinformatic analysis of X-scan data {#S0004-S2010}
-------------------------------------

A pattern-based motif was generated to encompass all residues tolerated at each position. Decameric sequences contained within the human proteome that comply with the derived motif were identified using an in-house R script to query a local copy of the UniProtKB/Swiss-Prot database^[45](#CIT0045)^ with splice variants, supplemented with coding variants extracted from dbSNP.[^46^](#CIT0046) The ability of identified peptides to bind to HLA-A\*02:01 was determined using the stabilized matrix method (SMM) algorithm,[^33^](#CIT0033) and poor binders (predicted K~D~ \> 30000 nM) were excluded from further analysis.

3D cell culture method {#S0004-S2011}
----------------------

To visualize killing of 3D microtissues by ADP-A2M4, A375 (MAGE-A4^+^ melanoma) cells were lentivirally transduced with cop-GFP (Santa Cruz Biotech). GFP^+^ cells were selected and maintained using puromycin and were seeded into ultra-low adhesion 384-well microplates (SBio) at 1.2 × 10^3^ cells/well and incubated at 37°C/5% CO~2~ to form 3D microtissues of \~800 µm in diameter. After 6 d, transduced or non-transduced T cells were added at 2 × 10^4^ cells/well. 3D microtissues were imaged in an Incucyte ZOOM every 4 h following target seeding. Raw fluorescent images were exported using Essen Biosciences proprietary software and microtissue area analyzed using a custom Axiovision software macro (Zeiss).

Quantitative PCR analysis {#S0004-S2012}
-------------------------

Total RNA was extracted from cells or tissue using the RNeasy Mini kit (Qiagen), and cDNA was prepared using the qScript cDNA SuperMix (Quanta Biosciences) per manufacturer's protocol. Quantitative PCR (qPCR) was carried out on the QuantStudio7 Real-time PCR system (ThermoScientific) using the QuantiTect Probe and QuantiTect Multiplex Probe PCR kits (Qiagen).

Gene expression was quantified by comparing the CT value of the test samples to a standard curve with a known number of copies (plasmid). Data are represented following normalization to the average of two housekeeping genes (RPL32 and HPRT1).

In vivo *efficacy* {#S0004-S2013}
------------------

A375 tumor cells were transduced with a GFP/luciferase (GFP/luc) lentiviral construct, with GFP^+^ cells sorted to purity. The *in vivo* anti-tumor efficacy of ADP-A2M4 was evaluated in two xenograft models using this A375 GFP/luc line, against either a large s.c. tumor or small disseminated tumors produced by i.v. tumor cell injection. All procedures were certified according to the UK Animals (Scientific Procedures) Act, 1986. Female NOG mice (NOD.Cg-Prkdc^scid^ Il2rg^tm1Sug^/JicTac, 4--6 weeks old, Taconic Biosciences, Inc.) were maintained in individually ventilated cages, with food and water available *ad libitum*. All non-imaging procedures were performed in a class II biological safety cabinet. Animals were inspected daily and weighed at least three times per week.

*Efficacy i.v*.: 10^6^ A375 GFP/luc cells in 100μl RPMI were injected into the lateral tail vein. Six days post-injection (D −1), mice received luciferin (150 mg/kg i.p.) prior to anesthesia (2% isoflurane/2 l/min O~2~) and bioluminescent/x-ray overlay imaging (luciferin to imaging = 8 min., Bruker *In Vivo* Xtreme imaging system). Animals were randomized into experimental groups based on luciferase signal strength (photon flux).

*Efficacy s.c*.: 5 × 10^6^ A375 GFP/luc-transfected tumor cells in 100 μl RPMI were injected into the left flank s.c. Sixteen days post-injection (D 0), animals were randomized into experimental groups based on tumor volume (measured with calipers) according to the formula:

Volume = tumor length x perpendicular tumor width^2^/2.

On the day of T-cell injection (D 0), non-transduced T cells and ADP-A2M4 from the same healthy donor were defrosted and rested in R10 for 2h/37°C. The concentration of live cells was determined using trypan blue dye exclusion, and T cells were prepared as 3 × 10^5^, 1 × 10^6^, or 3 × 10^6^ transduced T cells in 100μl injection volume.

Animals in the i.v. study arm were imaged at least once weekly, with control animals culled on D 21. Treated but otherwise healthy animals were culled once tumor burden had reached a comparable level. In the s.c. arm, volume was measured twice weekly, with otherwise healthy animals culled once tumors had grown to \~1000 mm^3^.

Airway organoid culture {#S0004-S2014}
-----------------------

25% v/v growth factor reduced (GFR) Matrigel was seeded into 96-well plates in PneumaCult-ALI medium (Stemcell Technologies). After overnight gelation, small airway epithelial cells (Epithelix SARL) were seeded in PneumaCult-ALI medium containing 5% v/v GFR Matrigel (differentiation medium). Cells were fed every 2--3 d for \~28 d; basal cells differentiated into organoids containing multiple airway cell types. Cultures included basal, goblet, club, and ciliated cells (qPCR for p63, MUC5AC, SCGB1A1, and FOXJ1, respectively). The organoids displayed a large lumen in which beating cilia were observed and mucins produced, as determined by Alcian blue staining and by immunohistochemistry for MUC5AC (data not shown).

Two to three days prior to T-cell addition, control cell lines A375 and Caski were seeded into Matrigel beds. All plates were washed in R10 before T cells were added with or without exogenous peptide. Supernatants were harvested after 96 h and assessed for T-cell IFNγ and GzB secretion by ELISA.
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